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THE SEW-XODELIN G PROBLEM OF A H I  GH-CURRENT D1SClrLAEa 

I N  A PLASMA 

P. P. Volosevich, S. P. Kurdyumov, Yu. P- Popov, 

and A. A. Samarskiy (MOSCOW) 

ABSTRACT, Self-modeling s o l u t i o n s  i n  which the  mass of the 
plasma i n  t h e  discharge does not  vary  wi th  time a r e  exmincd 
i n  t h i s  paper. It  i s  demonstrated t h a t  such s o l u t i o n s  (:xis; 
only  i n  t h e  presence of s u f f i c i e n t l y  l a r g e  va lues  of t h e  
c o e f f i c i e n t  of thermal conduct iv i ty ,  The exis tence  of a 
high-temperature T-layer under c e r t a i n  condi t ions  i n  zhe s-i". 
modeling regime is es t ab l i shed ,  Cer t a in  conclusions a r e  <ra in  

concerning t h e  e f f e c t  of thermal conduct iv i ty  on i c s  s c i - u c ~ ~ r e ,  
The a n a l y s i s  of self-modeling s o l u t i o n s  i s  supplemenxed w i - ~ k  
numerical c a l c u l a t i o n s  of t h e  system of magnetohydrodyr,imic 
equations both i n  t h e  self-modeling and i n  t h e  llnear-seLf- 
modelingH region  of parametr ic  v a r i a t i o n s .  

1. The i n v e s t i g a t i o n  of t h e  processes which occur i n  a  plasma d.c;ng a -- /1.4&7* 

high-current  r a d i a t i n g  discharge i s  connected wi th  t h e  s o l u t i o n  oZ a sys~ t ;~ ; l  

of equat ions of magneto-radiative hydrodynamics (MRHD). I n  t h e  gener;k: case 

such a so lu t ion  can be obtained only  on t h e  b a s i s  of t h e  appl icaxioc  c f  n u ~ x e ~ i -  

c a l  methods. Examples of s i m i l a r  s o l u t i o n s  a r e  presented ,  f o r  example, 5n :he 

r e fe rences  [1-31. 

The use of self-modeling s o l u t i o n s  i n  a  given problem al thoush assi?cia-i-.2 

wi th  d e f i n i t e  l i m i t a t i o n s  imposed by t h e  condi t ions  of self-modeling, &lever- 

t h e l e s s ,  permits  i n v e s t i g a t i o n  of t h e  sepa ra te  q u a l i t a t i v e  aspects  o f  zhe 

di a:C"L(?rS process and c l a r i f i c a t i o n  o f  t h e  na tu re  of i ts dependence on t h e  p - -  

such a s  t h e  c o e f f i c i e n t s  of e l e c t r i c a l  and thermal conduct iv i ty ,  xhe current 

i n  t h e  d ischarge ,  and so f o r t h .  

I n  t h i s  paper ,  self-modeling s o l u t i o n s  a r e  inves t iga ted  i n  which -cYe mass 

of  t h e  plasma i n  t h e  d ischarge  does not  vary  wi th  time. It i s  es;ablisi?ed 

t h a t  self-modeling s o l u t i o n s  of such a type e x i s t  only  i n  t h e  presence cf 

s u f f i c i e n t l y  l a r g e  va lues  of t h e  c o e f f i c i e n t  of thermal conduc~ivi-Ly, The 

* Ind ica te s  paginat ion  i n  o r i g i n a l  t e x t .  



values  of t h e  lower boundary of t h e  region  of v a r i a t i o n  of t h e  zh.- I-IK~GJ. ~ 3 3 -  

d u c t i v i t y  c o e f f i c i e n t ,  where a  self-modeling s o l u t i o n  e x i s t s ,  a re  c a ~ c , ~ i ~ - c e c  

f o r  pa rx icu la r  cases.  

I x  i s  es t ab l i shed  t h a t  under c e r t a i n  condi t ions  t h e r e  e x i s t s  a 'I-lcAycr &.r~ 

t h e  self-modeling s o l u t i o n s  C41. Conclusions a r e  drawn wi th  r e spec t  zo :he 

e f f e c t  of t h e  process of thermal conduct iv i ty  on i t s  s t r u c t u r e ,  

The a n a l y s i s  of s e l f  -modeling s o l u t i o n s  is supplemented by nurccrlcal c;, - 
c u l a t i o n s  on an e l e c t r o n i c  computer of t h e  complete system of eqtra-cior;s o f  X.?!L 

both i n  t h e  self-modeling and i n  t h e  llnear-self-modelingll reg ion  oP v;riazroi* 

of t h e  parameters. 

The self-modeling condi t ions  under which t h e  t o t a l  plasma enersy rcmain 

unchanged wi th  time toge the r  wi th  a  cons tant  plasma mass a r e  analyze5 , r ~  s--e,ii; 

d e t a i l .  I n  t h e  problem under d i scuss ion  t h i s  constancy of t h e  enerc.;r ,s ~ G ~ ~ - ; ~ I -  

t e ed  not  by t h e  conservat ive na tu re  of t h e  system but  by the  equal iey  01 ine 

energy f l u x e s  en te r ing  and leaving t h e  system. 

We note  t h a t  t h e  self-modeling s o l u t i o n s  cons t ruc ted  i n  t h i s  paper ore -1 

good t e s t  f o r  checking and c o n t r o l l i n g  t h e  accuracy of t h e  numeric& azzhods o f  

so lv ing  t h e  system of equations of MRHD. They were used i n  p a r t i c u l a r  2-z -c.,ze 

r 7 working out  and p repa ra t ion  of t h e  numerical methods i n  t h e  r e f e r e m e  13,- 

2. The d i spe r s ion  i n  a  vacuum of a  plasma formed a s  t h e  r e s u l c  of  -:he /lli8 

e l e c t r i c a l  explosion of a  wire and i t s  i n t e r a c t i o n  with t h e  magne-cic field ol' 

t h e  in tern%,  >".211ts ( s e e  Fig ,  1 )  i s  discussed,  The processes 02 xne heai; 

t r a n s f e r  a r e  taken i n t o  account i n  an approximation of t h e  non-linear ;;lzermai 

conductivi ty.  

F igure  1. 



I t  i s  assumed t h a t  t h e  length  of t h e  plasma f i lament  exceeds by .:;r izs 

diameter and a l s o  t h a t  a x i a l  symmetry holds;  t h e  problem is  considcrcd iL: a ~ 1 2 , -  

dimensional non-stat ionary approximation f o r  an i n f i n i t e  cyl inder ,  

The corresponding system of equations of magnetohydrodynamics in Lc;~?ancia:2 

mass coordina tes  i n  t h e  absolu te  Gaussian system of u n i t s  has  the  101-m 151 
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---i----- 
6 t  0.6 c p 
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p = p R T ,  a = -  y - l T. 

The symbols a r e  a s  follows: 4 i s  t h e  t ime,  - r is  t h e  Euler varLa'5le, 9 15 

t h e  dens i ty  of t h e  medium, x(dx = prdr )  is t h e  Lagrangian mass variable, 5s 

t h e  long i tud ina l  v e l o c i t y  compenent, 2 is  t h e  p res su re ,  E: is t h e  ir,terml 

energy, T  is  t h e  plasma temperature, H i s  the  azimuthal componeni; of r;l-e s,-ol- 
Y 

t a g e  p o t e n t i a l  of t h e  e l e c t r i c  f i e l d ,  E i s  t h e  a x i a l  component of tne c;ecx.ri:: 
z 

f i e l d  i n t e n s i t y ,  is  th,e d e n s i t y  of t h e  e l e c t r i c  c u r r e n t s ,  a and x zre thc 
j z 

c o e f f i c i e n t s ,  r e s p e c t i v e l y ,  of t h e  e l e c t r i c a l  and thermal conduc-c.;vicg, & i s  

t h e  Joule  hea t  generated pe r  u n i t  mass, W i s  t h e  thermal f l u x  t h r o r i g n  -r= azi- 

muthal angle equal t o  one r a d i a n ,  R is  t h e  gas cons tant ,  Y i s  t h e  adizbacic 

exponent, and - c  is t h e  v e l o c i t y  of l i g h t  i n  empty space; a  d e r i v a ~ i v e  wizh 

r e spec t  t o  t h e  time is  Lagrangian. 

The equation of s t a t e  is  chosen i n  t h e  s imples t  form. 

The s o l u t i o n  of t h e  problem is sought f o r  a cy l inde r  of u n i t  l?eighi; i n  :~e 

r *  
region  t 2 0 ,  0 5 x 5 M ,  where M = p r  d r  = const.  i s  t h e  mass of %As plasnn 

0 

i n  t h e  discharge taken over a  u n i t  he ight  of t h e  plasma f i lament  a id  includei 

wi th in  one r ad ian  of t h e  azimuthal angle and r M ( t )  is  t h e  r a d i u s  of zke bocn6zzy 

between t h e  plasma and t h e  vacuum. The boundary condi t ions  f o r  t h e  sys-i;ern (2-1) 



a r e  formulated i n  t h e  fo l lowing  manner: a t  t h e  c e n t e r  where x = 0 -21; c c s ~ . ~ i , e n s  

of symmetry a r e  
v(O, t )=O,  &(O,t)=O, PJ(O,L)=O, \&*2  / r 

and t o  clie r i g h t  of t h e  plasma-vacuum boundary where x = Ivl (r = r, ( - 1 , -- /i "4 9 

~0'1, 1 )  = 0, , 1 )  = 2 )  c -  ( 1  T(M, i) = 0; (YO; c - 
I (  t) s p e c i f i e s  t h e  v a r i a t i o n  i n  t ime of t h e  c o t a l  c u r r e n t  i n  'ciie c isc~ ,z - - , c ,  

I n  t h e  general  case  of 1 W I D  i n  t h e  presence i n  che medium 02 a no;,l;nc;- 

chermal conduc t iv i ty  t h e  temperature a t  t h e  boundary of t h e  r n a t e r t a ~  l r ; ;n  :r-c 

vacuum i s  d i f f e r e n t  from zero. The cond i t i on  T(M,  t )  = 0 is  t h e  i i ~ i c i n g  chs-  

which guarantees  t h e  absence of a  thermal  f l u x  i n t o  t h e  system f rorL T,ZC V i C i A i L ~ ,  

Other t ypes  of t h e  c o r r e c t  boundary cond i t i on  f o r  thermal  f ~ n c ~ - o ~ ~ . s  arc: 

p o s s i b l e ,  f o r  esample, W ( M ,  t )  = 0 ,  which corresponds t o  t h e  case  3: ac ciicz.?un 
4 

thermal conduc t iv i ty  o r  W(M, t )  = o T : t h e  plasma f i l amen t  radizit:s ILKC c. 
S 

blaclcbody (0 is t h e  S te fan  Boltzmann cons t an t ) .  The l a t t e r  condi tAci:  lecc..s ,o 
S 

supplementary l i m i t a t i o n s  on t h e  cond i t i ons  of self-modeling obzaj-ned -be;oir, 

To cons t ruc t  a self-modeling s o l u t i o n  we w i l l  cons ider  t h e  asgixn-~o;,;~ c i ~ , z * , ~  

of  plasma d i s p e r s i o n  when t h e  e f f e c t  of t h e  i n i t i a l  d a t a  has  already ci,fsappcr?-recl, 

I t  is p o s s i b l e  t o  d i s r e g a r d  t h e  i n i t i a l  diameter  of t h e  plasma fj.lainerli; in rcm- 

pa r i son  wi th  i ts  dimensions i n  t h e  asymptot ic  phase and accordi1ig;y t o  Lssurie 

t h e  i n i t i a l  plasma d e n s i t y  t o  be  i n f i n i t e l y  l a rge .  Th i s  permi ts  r e Z ~ c i n ~  the 

number of parameters  of t h e  problem which have t o  be determined, 

The c o e f f i c i e n t s  of e l e c t r i c a l  and thermal conduc t iv i ty  a r e  ass:.mcd T O  'be 

power f u n c t i o n s  of temperature and dens i ty ;  t o  achieve  g r e a t e r  gece - - a l i~y  Fn 

t h e  d e r i v a t i o n  of t h e  cond i t i ons  of self-modeling an  e x p l i c i t  de2endence eL 

t h e s e  c o e f f i c i e n t s  on t h e  t ime is a l s o  introduced:  

a = ~ o T ~ ~ p - ~ ~ t ~ o ,  % = XoTk~p-q~fn~.  ( 2 - 4 ;  
i 

  he law f o r  I ( t )  is a l s o  given i n  t h e  form of a  power f u n c t i o n ,  n m e l y  

r ( t )  = ratx. id*3 i r  - 
- 

Furthermore, t h e  ca se  of a  cons t an t  c u r r e n t  m = 0 w i l l  a l s o  be considered 

i n  d e t a i l .  



IzTe w i l l  seek a  self-modeling s o l u t i o n  of t h e  sys-cem of equac,or,s < 2,-  J -. 
~ i h i c h  a l l  t h e  funct ions  a r e  given i n  t h e  form F ( x ,  t )  = F f  (s)-cn-'> .c:hL;e T 2 2  

0 C 
a  dimensional cons tan t ,  s = X/M i s  a  self-modeling v a r i a b l e  propor:ion,l tc ;h- 

mass v a r i a b l e ,  and f ( s )  is a  dimensionless funct ion  of t h e  self-node.LiAA5 v L r 5 ; ~ i e ,  

The self-modeling s o l u t i o n s  of t h i s  type were inves t iga ted  i n  the  rei'ezenccs 

The ana lys i s  shows t h a t  t h e  condi t ions  of self-modeling i n  th;s GLSE rcc~ucd 

t o  t h e  f u l f i l l m e n t  of s p e c i f i c  r e l a t i o n s h i p s  between t h e  parameters cZ -:he 

problem -- t h e  exponents i n  t h e  power dependences (2.4) and ( 2 - 5 ) :  

I t  a l s o  fol lows from t h e  condi t ions  ( 2 - 6 )  t h a t  i n  t h e  case  of t h e  s p c c ~ f s c c  

r e l a t i o n s  (2.4) which s a t i s f y  t h e  e q u a l i t y  ( 2.6) one can guarantee sel;-.~xoc~elinc / J  ii50 

of t h e  so lu t ion  because of t h e  corresponding s e l e c t i o n  of t h e  cui-]:en-i L ~ - A  ( :ce 

q u a n t i t y  - m i n  (2 .5) ) .  

For example, i n  t h e  event of an inc reas ing  f l u x  m > 0 and t h e  absc?_c,e oi' L 

time dependence i n  (2.4) and (2.5) ( n  = n  = 0)  t h e  condi t ions  of se;i.- 
0 1 

modeling (2.6) reduce t o  t h e  i n e q u a l i t i e s  

40 < -0.5, qi < -C.5. 
Thus, t h e  c o e f f i c i e n t s  of e l e c t r i c a l  conduct iv i ty  and thermal colzdue c i v i  -cy sLlculd  

inc rease  wi th  an inc rease  i n  t h e  dens i ty ,  while  i n  p r a c t i c e  t h e  r eve r se  Zepen- 

dence usua l ly  occurs.  It i s  t r u e  t h a t  t h i s  dependence is  r a t h e r  weak; 2-c cxhibizs 

t h e  most s i g n i f i c a n t  e f f e c t  near  t h e  plasma-vacuum boundary, Such a ciepencencs 

on t h e  dens i ty  can model t h e  f a c t  t h a t  near  t h e  boundary wi th  The I-~CL~XI? t h e  

e l e c t r i c a l  and thermal conduct iv i ty  decreases more sharply  than ,  .res,~ccciwely, 
k l  T% and T . 

~ * 

I f  one chooses t h e  cons tants  of t h e  problem M, R, and I a s  th? 6e:erabn:cg 
0 

parameters with ind iv idua l  d imensional i ty ,  then  upon f u l f i l l m e n t  oC zhe ccn&:- 

t i o n s ' ( 2 . 6 )  a l l  t h e  unknown funct ions  can be put  i n  t h e  form 



-3 m~ I," p j ~ ,  t )  = - 7 8  (s) t ( ' I ) ,  T ( ~ , t ) = - f ( s ) t ? ~ ,  
10 IMR 

p (rc, t )  = Mfi ( s )  t-5 HNb (2, t )  = ?/l?!f h ( s )  t -', 

1 EZ (2,  t )  = - Joy (s)  tm+, w ( 2 ,  t )  = I. f!il o (s)  tm-?, 
C 

1%" - 
o ( x ,  ,t) = c" G ( s )  t-(li"), % (2, :) = R&(s) t-l, 

1 0  

The equations presented c l a r i f y  t h e  na ture  of t h e  dependence of t a l c  VZJ-:,o1*s 

func t ions  i n  t h e  self-modeling s t age  on t h e  parameters of  t h e  problem ;n5 ~ l ~ c  

time, For example, t h e  s i z e  of t h e  e l e c t r i c a l  r e s i s t a n c e  of the  plazc.;. pe r  c:it 

length  of t h e  plasma f i lament  R is  ca lcu la t ed  i n  t h e  fol lowing nanccr: 
p l  

- .  
(Ro i s  some dimensionless quan t i ty ) .  It foi lows from t h i s  t h a t  ir. c i a  sc.=.:-- 

modeling s t age  t h e  r e s i s t a n c e  of a  d i spe r s ing  plasma decreases wrzh t l ~ e  t f n c ,  

but it does not  depend on t h e  mass of t h e  plasma M, o r  on t h e  na-LWZ of the  

ma te r i a l  R ,  o r  on t h e  law speci fy ing  t h e  v a r i a t i o n  of t h e  curreni; I n, 0 3 -- 
~ h e  t o t a l  amount of energy contained i n  t h e  volume occupied by rhc  p l i i s a i i  Lj-451 

is  expressed i n  t h e  fol lowing manner: 

(eo i s  a dimensionless cons tan t ) .  

I f  t h e  self-modeling condi t ions  (2.6) a r e  f u l f i l l e d ,  t h e  sysxem o b q u n t L a n s  

of MRHD (2.1) reduces t o  a  system of ord inary  d i f f e r e n t i a l  equat ions :or ;:?e 

dimensionless func t ions  a / ,  p ,  6 ,  f ,  h ,  h ,  y, and W: 



D i f f e r e n t i a t i o n  wi th  r e s p e c t  Y O  t he  self-modeling v a r i a b l e  is denazc i  oy a 

prime. 

The d imer~s ionless  cons t an t s  o and a r e  expressed i n  terms o f  x,,e p . r a -  
0 0 

meters M ,  10, and R ,  and r e s p e c t i v e l y  and u i n  t h e  fol lowing rncnaez: 
0 0 '  . 

The boundary cond i t i ons  (2.2) and (2.3) i n  t h e  self-modeling form can Se 

w r i t t e n  i n  t h e  fol lowing way: 

3.  Below we w i l l  l i m i t  t h e  a n a l y s i s  of self-modeling s o l u t i o n s  :c; ;;he 

case  of cons t an t  c u r r e n t  (m = 0 ) .  

Here wi th  t h e  supplementary assumption k = qo = 0 ,  a  solutiom. is sLccess- 
0 

f u l l y  cons t ruc t ed  i n  an a n a l y t i c  form, The c o e f f i c i e n t s  of e l e c t r i c a l  and 

thermal conduc t iv i ty  i n  t h i s  case  have t h e  form 

The dependence of a and u on t h e  t ime i n  (3.1) is very  a r t i f i c i d l  Prom the  

phys i ca l  p o i n t  of view. However, a s  t h e  c a l c u l a t i o n s  of t h e  system (3-9: - 
(2.12) show, t h e  main q u a l i t a t i v e  c h a r a c t e r i s t i c s  of t h e  s o l u t i o n  obzzinec'i i n  

t h i s  most s imple p a r t i c u l a r  case  a r e  maintained i n  more genera l  eases fc*- 

reasonable va lues  of t h e  exponents k  0 7  qO, no' k l ,  'I1, n  l- 

It is evident  t h a t  i f  f o r  t h e  self-modeling s o l u t i o n s ,  t h e  c u r r e n ,  i n  che 

discharge  is c o n s t a n t ,  t hen  because of (2.8) t h e  t o t a l  energy of zhe g1zsn;a 

and a l s o  any q u a n t i t y  which has t h e  dimension of energy,  does no t  depend on 

t h e  time. The cond i t i on  of energy constancy is f u l f i l l e d  i n  the it-c:l know:: 



self- nodel ling s o l u t i o n s  of t h e  problem of a  scrong explos ion  i n  che c rlcs:,~.c-rd 

c8, 91 where t h e  energy produced a t  t he  i n i t i a l  i n s t a n c  does no; e k ; r ~ c  iL 

quan-cicy during t h e  r e s t  of t h e  process .  In  t h e  problem undei- 5r-vca t - ~ , ~ c , s ~  

concerning an  e l e c t r i c a l  d i scharge  i n  a  plasma, t h e  energy cons;;a.?cy. ,i pro- 

vided not  by t h e  conserva t ive  na tu re  of che system but  by t h e  balznec 6.L ;,,c 

e lec t romagnet ic  energy en te r ing  t h e  system and t h e  energy expendcc. as :-c=.;; 

a g a i n s t  t h e  f o r c e  of t h e  magne-cic f i e l d  and a l s o  t h e  energy leavf~;g ;,,c. s:~;., ,L-, 

i n  t h e  form of thermal f l ux .  Evident ly  i n  t h e  usua l  gas dynamics n x i , r ~ v - a ,  

self-modeling solut i .ons of such a  type  a r e  not  poss ib le .  Tne prese2c; G< 

supplementary e x t e r n a l  sources  s i m i l a r  t o  Jou le  hea t ing  is necesszry  ;or ck..ei: 

ex is tence .  

The i n t e g r a t i o n  of (2.9) under t h e  cond i t i on  (3-11, m = 0 ,  and Loa- exL:r,siz, 

q1 > -1 leads  t o  t h e  fol lowing express ions  f o r  t h e  dimensionless h ~ c c S o a s  

of t h e  v e l o c i t y  a ,  t h e  p re s su re  B ,  t h e  magnetic s t r e n g t h  h, che teelr.2eA-azuru, f, 

t h e  d e n s i t y  6 ,  and t h e  thermal f l u x  w, i n  terms of t h e  dimensionless radics A: 

where 

A -1 
The r e l a t i o n s h i p  S = S f3f hdh e s t a b l i s h e s  a  connect ion between :he tAr:ens-on- 

0 

l e s s  r ad ius  and t h e  self-modeling va r i ab l e .  The q u a n t i t y  is -:he alsens:aL- 

l e s s  va lue  of t h e  r a d i u s  of t h e  plasma vacuum boundary and is dei;er~-izi~ied fror 

t h e  cond i t i on  t h a t  t h e  plasma mass remain cons t an t  

The e l e c t r i c  f i e l d  s t r e n g t h  and t h e  c u r r e n t  d e n s i t y  i L  t h e  s o l u t i o n  are cons.r;iir~c: 



IS follows fronl (3.2) t h a t  t h e  pressure  is a mono-conically dcccc- -.-'J 

func t ion  of t h e  r a d i u s ,  and h increases  with an increase  i n  h ,  TAG LC 1 : ~  . S - L A ~ - .  

f, c,\n be noii~iionoLonic i n  A. The p o s i t i o n  of i ts  maximuin h is dc t c  -1 , A I  
111;1x 

by the  expression 

and t h e  maximum value of f has t h e  form 

I n  order  t h a t  t h e  temperature maximum be loca ted  i n s i d e  t h e  range 0 < A _ _  i ; a ,  Lb;-453 
&Ac'X 

t h e  condi t ion  

should be f u l f i l l e d .  

It fol lows from t h e  expression f o r  f (A)  i n  (3.2) t h a t  t h e  s o l u c b o ~  :?as 

meaning ( f (A)  2 0 i n  t h e  e n t i r e  region 0 -S A -S Ax) only i f  t h e  inequalizy 

B 2 1 is f u l f i l l e d  o r  

Thus comparing (3.6) and (3.7) ,  we a r r i v e  a t  t h e  conclusion that -cze 

temperature i n  t h e  s o l u t i o n  is not  monotonic and its maximum is conzaLned 

wi th in  t h e  range ( 0 ,  h,) upon f u l f i l l m e n t  of t h e  inequal icy  

o r  equ iva len t ly ,  

- 2 
where Re * = 4m A, is t h e  Reynolds magnetic number computed on the  asis ~f 

m 0 
t h e  value of t h e  v e l o c i t y  of the  plasma-vacuum boundary and its discazce f r cn  

t h e  center .  For Re " 2 t h e  temperature maximum is always a t t a i n e d  oc thz 
m 

a x i s ,  and f ( h )  is a monotonically decreasing funct ion.  For Rem+ L L < ~ *  -,- 2 )  1 
I 

(2q1 + 3 ) ,  t h e  self-modeling s o l u t i o n  has no meaning. 



One can conclude from t h e  i n e q u a l i t i e s  presented  above t h a t  ,n (;rii~i- 

che tem2eratui-e of t h e  (?'-layer) t o  be nonmonotonic i n  t h e  s o l ~ t i ~ ~  o "  ,cc 

problem of a  high-current  d i scha rge ,  it is necessary  t h a t  t h e  cha,-ac: -=Sz ,-c 

Reynolds magnetic number be s u f f i c i e n t l y  l a rge .  Ynis s ta tement  agree3  IT^,:: 

t h e  condi t ions  der ived  i n  t h e  r e f e r e n c e s  [4, 63 f o r  t h e  exiscencc: cl LZ ' i ' - - i ~ ~ ~ ~ ,  

Ice w i l l  i n v e s t i g a t e  t h e  na tu re  of t h e  dependence of t h e  self-~xcde,:.nc, 

s o l u t i o n  (3.2) on t h e  va lue  of t h e  thermal conduc t iv i ty  c o e f f i c i e n z ,  3Zra;, 

we w i l l  d i s cuss  t h e  s imp les t  case  where u does no t  depend on t h e  zeay. r>cLrZ 
-1 

and t h e  d e n s i t y  (k 
1 

= ql  = 0 ,  K = ?-i t ). The q u a n t i t y  A, is cie:ernlncS f.--or- 
0  

(3.3) i n  t h e  e x p l i c i t  form: 

- 
2 exp (I/% xo)  -- I A'=- * - - 

3 i ~ ~ ~  exp (l/, xG)  - ' I 3  

It fo l lows  from (3.7) t h a t  i n  t h i s  case  t h e  self-modeling s o i u ~ i c a  exiszs 

only upon f u l f i l l m e n t  of t h e  i n e q u a l i t y  zo> = 0. 
0 1  

A * L, Gel: The cond i t i on  f o r  nonmonotonicity of t h e  temperature (3.8) can Se w-;-- 

i n  t h e  form 

Wen Go' E t h e  temperature maximum is loca t ed  a t  t h e  cenrs r .  
02 ' 

We w i l l  now d i scuss  t h e  s imp les t  case  of a  nonl inear  thermal. ca*?curczivLzy - - -1 
k = 1  
l 7 q 1  

= 0 ,  u = u Tt . The c a l c u l a t i o n s  which a r e  s i m i l a r  to ihasc 
0  - 

c a r r i e d  out  above, lead  t o  t he  i n e q u a l i t y  (3 .9 )  wi th  E = 4/rr and n - 
0 1 02 - &454 

2 
4/rr (1 -2/rr) ; f o r  u. € u t h e  self-modeling s o l u t i o n  has no meazinc,, s i n c e  

0 01 - a  reg ion  wi th  negat ive  temperature appears  i n  it. The dependenel? of ,tic as::- 

modeling s o l u t i o n  on t h e  c o e f f i c i e n t  ; ( i t s  va lues  a r e  indicated. on :he g r s p  
0  1 

f o r  2 > u is presented  i n  F igure  2 (G 3 0.02, k = 1, q  = 0 ) -  As a 
0 01  0  1 1 0 

i n c r e a s e s ,  t h e  temperature maximum decreases  and s h i f t s  nea re r  to tne &xis ,  als - 
u + a, we have f ( 0 )  = 1/31?. 

0  

And s o  it has turned  out  i n  two simple p a r t i c u l a r  ca ses  t h a t  :he r e s f o n  

of permiss ib le  va lues  f o r  t h e  self-modeling s o l u t i o n  is r e s t r i c t e d  co less 

t han  a  c e r t a i n  va lue  of 
01- , 

An a n a l y s i s  of t h e  s o l u t i o n  (3.2) shews tkac ac 



iricrcase in che exponent li i.e., with an increase in the degree is, .,;9 - 
1 

linearity in the thermal conductivity coefficient, the nature of tnc a ~ i ~ i i ~ , ,  

is preserved, and the value of Vb increases. 
0 1 

Figure 2. Figure 3 ,  

4, In the case of more general assilmptions than the conditioils ; 3 , , : ,  inc 

location of the self-modeling solution of the problem of the dispepsic- o' a 

plasma into a vacuum reduces to the numerical solution of a system cf ordizar; 

differential equations (2 .9 )  under the conditions (2.11) and (2-12;- ;c 

,. . follows from the calculations that the principal qualitative features 3- -cnz 

,, ,n ~-11s self-modeling solution, which were clarified above analytically, occ3--- ' 

case. Thus, a typical distribution is presented in Figure 3 for the sa::c,h: 

dimensionless functions with respect to the self-modeling variable -izrhl-,l: wc:e 

obtained in the calculation of the version of the problem with the fol ; i ;wini ;  

3 parameter values : ko = /2, qo = 0 ,  k = 1, q = 0, x = 1.5, and o, = 0-2- 
1 1 0 u 

Here the plasma conductivity E ,  and also the current densicy 5 aze '~ i readiy 

not constant, and the maximum of agrees with the temperature masLm~c C, 

An investigation ,of the dependence of the solution on the para:ile-:e-- x 
0 

permits establishing the fact that in this case there exist two chal-ac:eris.:i.s 

values of the thermal conductivity coefficient and u 
0 1 02. 

The ,s e L f - 
modeling solution occurs only for u > in the range < < -2 

0 01; 0 1 0 63 ' 
T; ha 



t c r n ~ e r a t u r e  p r o f i l e  is nonmonotonic i n  s , and f o r  2 
0 

02, t h e  r i ~ ~ - a ~ - n ~  la 

l oca t ed  a t  t h e  center .  

Thus, even when t h e  self-modeling condi t ions  (2.6) der ived  on t A c  , C S , ~  /lL55 - 
of xhe usua l  dimensional a n a l y s i s  a r e  f u l f i l l e d ,  t h e  self-modelin; so,,tLcz - 
does not  e x i s t  f o r  a l l  va lues  of t h e  thermal conduc t iv i ty  coefficieK-c. 2k,, 

'd 

alzhough fo rma l ly ,  t h e  va lue  of t h i s  c o e f f i c i e n t  does not  e n t e r  into znc 

self-modeling condi t ions .  

F iga re  4. Figure 5, 

5. The self-modeling s o l u t i o n s  cons t ruc t ed  were r e a l i z e d  i n  xane:icai 

c a l c u l a t i o n s  of t h e  complete system of Eqs. (2.1). The system cf d;fle:-eniial 

equat ions  was approximated i n  t he  c a l c u l a t i o n s  by a  uniform csmplezcly con- 

s e r v a t i v e  d i f f e r e n c e  method which was so lved  by t h e  method of success2ve 

e l imina t ion  [lo-12).  The boundary cond i t i ons  were implemented in  a q r c e ~ a x c  

wi th  (2,2)  and (2.3). The i n i t i a l  condi t ions  were s p e c i f i e d  i n  t 3 e  f c ~  ol 

a r b i t r a r y  func t ions  of t h e  x coord ina te  which do no t  co inc ide  wi th  ,he s e i f -  

modeling p r o f i l e s .  Such a  numerical s o l u t i o n  of t h e  problem is prese::zea fn 
- 

Figure  4 f o r  t h e  same parameter  va lues  a s  i n  F igure  3 wirh "N C An,. 01 v- 

The temperature p r o f i l e s  a r e  presented  a t  succes s ive  i n s t a n t s  of c i a a  wc ich  
. * a r e  s e l e c t e d  s o  t h a t  during t h e  t ime which e l a p s e s  between them, an ice:eicaL 

amount of e lec t romagnet ic  energy equal  t o  twice t h e  i n i t i a l  e n t e r s  the  p l s sna ,  
2 

Here, (MR//l0 )T(x ,  0 )  = 0.1 and m = 0. 



The solution enters the self-modeling regime as time goes by, 

The time variation of the separate types of energy of the -pl&s,nr* ;:e 

given in Figure 5 in dimensionless form: 

internal 

and magnetic 

With an increase in t the values of these quantities and also tke -Ja~dc sf TA2e 

total energy tend to their values in the self-modeling solution, 

Numerical calculations of the system (2.1) were carried out io c r c  'ce~r 

self-modeling" region, i,e,, with the conditions (2.6) fulfillec, o c ~  :or - 
small values of the thermal conductivity coefficient, u < % 

0 01' 
The S O ~ L I L ~ O - . ~  

actually appeared to be nonself-modeling here, and the behavior of zne f l c v r  

parameters did not fit into the framework of the functions (2 .7) -  T7u:e no_-- 

self-modeling solution has a significantly nonstationary nature; she eaerccnze 

and growth of a high-temperature T-layer is observed as well as a serLes cf 

other phenomena usually accompanying it: the formation of a shock w ~ v e  i*hfcn 

propagates toward the axis, a general retardation of the gas, pl~chk-9 of chz 

plasma filament, and so forth [3 ,  41. 

Summarizing the facts derived on the basis of the analysis of se,l-no2el-ng - 
solutions and the results of numerical calculations in t hewnear - se~ , " - : r ,~d i? i in~w 

region, one can draw conclusions about the effect of the therma; ccncsczivit- 

on the processes which occur during a high-current discharge in CL >izsma, 
I^- In the case of a sufficiently small thermal conductivity coefficient i dw  ) 
0 Ci 

a high-temperature T-layer originates and develops. Tne soluti~c here has a 

significantly nonself-modeling nature, For example, the temperazure of the 

gas in the T-layer increases, while in the central region it drops, 



\$%en tL < Z < ;.t 
01 

t h e  e f f e c t  of t h e  thermal conductivi-cy :s ;::~ac: o 0 2 ~  
r a r h e r  sc rong,  due t o  t h e  f a c t  t h a t  t he  outf low of hea t  ensures  ~z d ~ , b ~ ~ ~  

s t a b i l i z a t i o n  of t h e  T-layer:  t h e  temperature of t h e  e n t i r e  mass oZ t-:e 523 

v a r i e s  wi th  time according t o  one and t h e  same power law, 

The high-thermal conduc t iv i ty  c o e f f i c i e n t  suppresses  che T-,eyer. no2- 

n~oriotoniciiy of t h e  temperature is not  observed i n  t h e  so iu t io r , ,  nA:u its 

r : las i r~ium is loca ted  on t h e  a s i s .  

6. W e  w i l l  cons ider  one d i s t i n c t i v e  f e a t u r e  of t h e  analytTc S G A L ~ L O ~  

cons t ruc ted  i n  Sec t ion  3 .  The temperature maximum which occurs  5 3  rd:2s 
\ 

s o l u t i o n  (both  i n  t h e  self-modeling and i n  t h e  flnear-sePf-modeEingv re;,cL, 
- 

cannot be c a l l e d  a  T-layer i n  t h e  complete s ense ,  f o r  here  0 
0 

= O C ) i  LC"" ~ L S C  

depend on t h e  temperature and t h e  presence of a  s i g n i f i c a n t  nonllneas:ty 

d  I n  o/dT > 0 ,  is one of t h e  cond i t i ons  f o r  t h e  formation of this erzec-c, 

C l a s s i c a l  scanning is absent  i n  t h e  p re sen t  ca se ,  s i n c e  wi th  an i c c r ~ e s e  in 

t t h e  conduc t iv i ty  of t h e  plasma becomes r a t h e r  s m a l l ,  and t h e  c u p e n s  d e r s i - y  

becomes cons t an t  along t h e  radius.  

Nevertheless ,  t h e  temperature has a  sharply-expressed  maxim^.^, Th2 

presence of t h i s  maximum is explained by t h e  dependence of t h e  amsun-: af 
2 

Jou le  hea t ing  pe r  u n i t  mass on t h e  d e n s i t y  Q = 5 6. 
0 

The d e n s i t y  6 i n  t h e  p re sen t  problem drops o f f  because of "LLe ;n:er,sive 

d i spe r s ion  i n  p ropor t ion  t o  t h e  approach t o  t h e  plasma-vacuum bo~rzibaz-y, axc 

t h e  Jou le  hea t ing  correspondingly grows. Such a  behavior  of the cjl.zar-zi-'~y Q 

r e s u l t s  i n  t h e  appearance of a  temperature maximum whose p o s i t i o n ,  hcwever, &457 

does not  agree  wi th  the  maximum of t h e  Jou le  hea t ing  because of the  zhern-cl 

conduc t iv i ty  processes .  

Thus, i n  t h e  p re sen t  c a s e ,  t h e r e  is a  c e r t a i n  l i m i t i n g  degerLe:icy of zhe 

T-layer e f f e c t  when an inve r se  r e l a t i o n  between t h e  gas dynamic znc ,he 

e lec t romagnet ic  processes  is absent  ( t h e  e l e c t r i c a l  conductivi-cy does nx- 

depend on t h e  thermodynamic s t a t e  of t h e  medium). 

1.f t h e  conduc t iv i ty  is a  func t ion  of t h e  tempera ture ,  chen a sLm,lar 

inhomogeneous s t a t e  can  become e s s e n t i a l  f o r  t h e  development of t h ~  ?-layer, 



So along wizh the well known skin-effecc and the superheating inst~S,;~zy? 

we note one more possible mechanism for the initiation of a T-laycr, 

Tne authors are grateful to L. M. Degtyarev and A, P. FavorsIi:-y ls: r r s c i c - ;  

discussions and also A, A. Ivanov and V. N, Ravinskaya' for carryic~ o,z :ke 

numerical calculations. 
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